Objective: To evaluate primary care presentations during the prodrome (12 months prior to onset type-1 diabetes (T1D), with or without diabetic ketoacidosis [DKA]), to identify opportunities for earlier diagnosis.
Early diagnosis of T1D is critical to avoid children developing lifethreatening diabetic ketoacidosis (DKA). Delayed diagnosis was attributed as the main cause of DKA at onset of T1D in a consensus statement from the American Diabetes Association. 4 DKA is associated with significant morbidity, mortality [5] [6] [7] [8] and health service costs. 9, 10 Children presenting in DKA are likely to have poor long-term prognosis [6] [7] [8] and their parents experience greater psychological distress. 11 The rate of DKA at onset of T1D varies across the world, from 10% to 70% 12 and has an inverse relationship with the incidence of T1D. 13 In the United Kingdom, 25% of children diagnosed with T1D present in DKA, 14 which is concordant with other economically developed countries. 4, 15 This rate has remained consistent in the United
Kingdom over the past 20 years, [16] [17] [18] despite efforts to raise awareness of the symptoms in community and clinical settings. 16, 19, 20 A systematic review found diagnostic error as a significant risk factor for delayed diagnosis. 2 However, most studies relied on retrospective parental or clinical recall once a child was diagnosed, with associated potential for bias. A Canadian study 21 explored routinely collected primary care data for the 4 weeks prior to diagnosis and showed children newly diagnosed with T1D had significantly more medical encounters in the 4 weeks prior to diagnosis than matched controls, with 33% of children having had at least one medical encounter in the week preceding diagnosis. The most common reasons for the encounter were recorded as upper respiratory infections, urinary tract disorders, and gastroenteritis. A limitation of this study was that it only looked at a 4-week period prior to diagnosis, despite parents recalling that their children displayed subtle symptoms for many months prior to diagnosis. 22 They also did not examine differences between those who presented with and without DKA.
The aim of our study was to evaluate on a country-wide basis, the extent and reasons for contact between children and primary care physicians in Wales (United Kingdom), before diagnosis of T1D, using linkage of a prospectively collected primary care dataset to a national diagnostic dataset (Brecon Group Register). By comparing data in matched controls without T1D, we explored the potential to make an earlier diagnosis, with reduced risks of DKA. To our knowledge, this is the first large-scale study to use prospectively collected primary care data to explore the pathway to diagnosis of childhood T1D, including those who present in DKA, for an extensive period prior to diagnosis. 
| METHODS

| Study design and data sources
We conducted a matched case-control study of children aged 15 years and under using the Secure Anonymised Information Linkage (SAIL) 
| Grouping read codes
Read codes for presenting features that might be associated with developing T1D in childhood were grouped. The research team agreed which symptoms, diagnoses, examinations, tests, and prescriptions should be included within each group based on clinical experience and a review of the literature (Table 1) . These variables are referred to as characteristics throughout this manuscript.
Read codes associated with medications prescribed for asthma were included as a benchmark variable. Read codes included within each grouping are listed as supplementary material (Appendix S1).
| Time periods
To evaluate the prodrome, five specific time periods prior to the index date were predetermined. These were the day of diagnosis, and 1 to 30 days, 31 to 90 days, 91 to 180 days, and 181 to 366 days prior to the day of diagnosis.
| Statistical methods
Assuming a medium effect size (odds ratio [OR] = 1.5), a moderately low prevalence rate of the presenting characteristic of 30% in the control group, matching three controls per case and using a two sided 5% alpha and 80% power, we required 322 children with T1D (using the sampsi_mcc command in STATA 15). 27 Baseline demographic data (age, gender, WIMD deprivation quintile) and number of primary care contacts in the 12 months prior to the index date were used to describe the cases and controls. A univariable conditional logistic regression model was used to compare the event of a characteristic (prodrome) associated with T1D (cases);
ORs alongside 95% confidence intervals (CIs) are presented. Characteristics associated with T1D at the 10% significance level were entered into a multivariable conditional logistic regression model.
Models were developed for each of the prodromal time periods. We used a cut off of less than 1% prevalence in cases to exclude characteristics from the model.
| Diabetic ketoacidosis
A secondary aim was to explore the risks associated with presenting in DKA. Given that 19% of children diagnosed with T1D were in DKA at diagnosis (260 in DKA, 1085 not in DKA) our dataset had sufficient power to observe medium effect sizes for around 20 presenting characteristics. Characteristics of presenting in DKA at diagnosis were examined and associations between the prodrome for children presenting in DKA were analyzed using the same approach as for the matched case-control study.
All analyses were performed using IBM SPSS Statistics (IBM CORP, Armonk, New York) 28 and STATA Statistical (USASTATA CORP, College Station, Texas) software, version 15.
27
Reporting adheres to STROBE for case-controls and RECORD guidelines for reporting routine data. and 4035 matched controls ( Figure 1 ). There were 57 520 primary care events relating to the 5380 children in the study population.
| RESULTS
Between
Demographics for the cases and controls show that that they were well matched ( Table 2 ). The mean age of children at the time of diagnosis of T1D was 8.7 years (SD 3.7) and there were more males 3.1 | Characteristics predicting T1D in children by time period Table 3 shows the proportion of cases and controls presenting with at least one event by characteristics and by the specific time periods prior to the index date (date of T1D diagnosis) alongside unadjusted
Number of children in Brecon Group Data set 15/1/2000 -8/10/15 n = 3674
Number of children with T1D with 12 months of primary health care data from SAIL databank n = 1488 Diagnosed in DKA = 290 (19%)
Number of children with a GP not contributing data to SAIL n = 2041
Discrepancies removed -children with diagnosis of T1D prior to diagnosis date (Cases) n = 143
SAIL Databank
Final study sample n = 5380
Matched controls (Children not diagnosed with T1D) (3:1) n = 4035
Children diagnosed with T1D (Cases) n = 1345 Diagnosed in DKA = 260 (19%)
Number of children excluded due to missing data, data discrepancies n = 64
Number of children excluded unable to match n = 37, due to data error n = 44
Initial study sample before applying primary healthcare coverage n = 3529 For categorical variables, data are number (%).
FIGURE 1 Flow diagram of individuals included in the study
OR and 95% CI. Figure 2 shows the results from the multivariable ana- Between 31 and 90 days prior to diagnosis, two characteristics (fungal and urinary conditions) were higher in cases (Table 3 ) but only urinary conditions was independently associated with a diagnosis of T1D
( Figure 2 ). For the time period of 91 to 180 days both blood tests and RTIs were associated with T1D but only blood tests were independently predictive. For 181 to 360 days prior to diagnosis, blood tests and urinary conditions were both associated with T1D, but neither was independently predictive.
3.2 | Characteristics predicting children who present in DKA at diagnosis by time period Table 2 shows the characteristics of the individual patients by DKA at diagnosis or not. For children presenting in DKA, children under 2 years old were significantly more likely to present in DKA than older age categories and more males presented in DKA. Table 4 shows presenting characteristics by the specific time periods prior to the date of diagnosis for children with T1D in DKA or not at diagnosis. Independent of age and gender, children with a primary care contact on the day of diagnosis relating to RTIs or vomiting/nausea were significantly more likely to present in DKA than children who did not (Figure 3 ). Children with a primary care contact relating to blood tests, thirst, and urinary conditions on the day of diagnosis were significantly less likely to present in DKA.
One to 30 days prior to the date of diagnosis, children with a primary care contact relating to antibiotics, and vomiting/nausea were significantly more likely to present in DKA. Children with a primary care contact relating to urinary conditions were significantly less likely to present in DKA.
In the 31 to 90, and 91 to 180 days period prior to diagnosis, children prescribed antibiotics were significantly less likely to present in DKA than children who did. In the 181 to 366 days period prior to diagnosis, children attending a primary care contact relating to urinary conditions were significantly less likely to present in DKA than those who did not.
| DISCUSSION
This study of prospectively collected primary care data linked to a population-based pediatric diabetes diagnostic register has shown that for up to 12 months prior to diagnosis, children who went on to be diagnosed with T1D, were more likely to have contact with primary care for a range of specific reasons, than children who were not diagnosed with T1D. Furthermore, up to 30 days prior to diagnosis, children who presented in DKA, were more likely to have a primary care contact relating to RTIs, vomiting and a prescription for antibiotics.
These findings together can be used to develop a prediction model for use in primary care to promote an earlier diagnosis of diabetes while reducing the risk of presentation in DKA.
| Strengths and weaknesses of the study
By analyzing data from 12 months prior to diagnosis, we have identified a longer prodrome of symptoms (up to 6 months) than is usually assumed. Our data from the Brecon Group Register is a robust, country-wide hospital recorded dataset (98% complete coverage of all known childhood-onset cases), 29 and our prospective collection of this diagnostic dataset likely provides an accurate date of diagnosis, as it is recorded by diabetes healthcare professionals at the time of diagnosis. Another strength of our study is that it uses prospectively collected primary care data and therefore the results will be less prone to the bias and inaccuracies of recall which influence many other studies on this topic. 2 One limitation of the primary care dataset is the lack of control over the quality of the data collected. In our contemporary dataset, a discrepancy in the date of diagnosis affected 10% of the sample.
However, the DKA rate was unaltered by removal of these children from the analyses, so it seems unlikely that these individuals had differing characteristics which would have affected the findings. In addition, we had to exclude 55.5% of the children registered on the Brecon Cohort dataset because their GP was not submitting data to SAIL preceding diagnosis. However, all children excluded from the study were comparable with eligible children, in terms of age, gender, and social deprivation.
A final weakness of analyzing prospective, routinely collected data is that it is not possible to ascertain certain details of consultations, such as why a test was conducted, what dialogue took place at the time of the consultation, and whether a primary care physician had a suspicion of any particular condition.
| Results of the study in context
The study was conducted in a UK-context. However, early recognition of T1D in primary care, to prevent presentation in DKA at diagnosis, remains a global issue. Therefore, the results of this study are likely relevant to physicians world-wide, regardless of models of primary FIGURE 2 Characteristics associated with new diagnosis of type 1 diabetes vs matched controls in children: by time period prior to diagnosis of type 1 diabetes care or health service provision. Our findings are consistent with a Canadian study that found children were more likely to be diagnosed with a RTI, urinary tract infections and disorders, or gastrointestinal disorder in the 4 weeks prior to diagnosis of T1D. 21 In addition, in the Canadian study, almost 50% of the children did not see their physician within a month of diagnosis, which is comparable to 53% in our UKbased study. Similar findings have just been reported from an analysis of primary care consultations in England, in which 35% of children had an encounter in the 7 days prior to diagnosis. 30 This study focused on the classical warning signs of T1D, 31 whereas by contrast, our study evaluated a much wider range of characteristics, reflecting the clinical challenge GPs face when trying to recognize this deceptive condition.
Our study is unique in exploring a prolonged period prior to diagnosis, in terms of numbers of contacts, as well as, the characteristics of consultations children have with primary care. This is especially novel with regards to looking at the differences of children who presented in DKA and those that did not. Children who presented in DKA, were more likely to have had a consultation relating to RTIs, antibiotic prescriptions, and vomiting, in the 30 days prior to diagnosis. It is surprising that these particular differences presented some considerable time before diagnosis and are unlikely to be a misinterpretation of the well-recognized signs of DKA, including Kussmaul breathing, which are only likely to arise once the patient has become significantly acidotic and clinically ill in the final hours before presentation.
Another surprising result from our study is that boys were more likely to present in DKA, in contrast to other studies which found no gender differences. 21, 32 This might be explained by the fact that in the month preceding diagnosis boys had less contact with primary care, perhaps reflecting a possible cultural belief that boys are more resilient than girls, and therefore less likely to be taken by their parents for assessment. Other studies have also reported that older adolescent boys are less likely to seek clinical support when experiencing ill-health. 33, 34 4.3 | Implications for future research
Overall our results suggest that for some children there may be a prolonged opportunity for an earlier diagnosis. These results have important public health implications. They provide robust evidence to inform development of interventions to raise awareness in primary care about how a child may present with new-onset T1D. 35 This information may be used to refine previous interventions that have been developed to raise public and primary care professional awareness of the symptoms of T1D. 20 Furthermore, using appropriate modeling techniques, the results will allow development of a robust, potentially automated diagnostic aid, which might be used when electronic data are collected in primary care and which could alert GPs to consider the need to screen children for the development of T1D.
However, further imputation work is required to develop this equation, as for some time points and for some characteristics there were no controls recorded as having a primary care contact for specific symptoms/diagnoses. This meant that we were unable to calculate odd ratios, and include these important characteristics (blood tests, 
| CONCLUSION
We conclude that there are opportunities in primary care for an earlier diagnosis of T1D in children, given their presentation with medical contacts relating to abdomen symptoms, antibiotic prescriptions, fungal conditions, RTIs, weight, urinary conditions, vomiting, and blood tests, up to 6 months prior to diagnosis. Those with primary care contacts relating to RTIs, vomiting, antibiotic prescriptions, and in particular boys, are more likely to present with DKA. This information can now be used to create a diagnostic tool for primary care physicians to help predict which children are more likely to develop T1D, thus preventing presentation in DKA.
